Motheye antireflective coatings (ARCs) are based on periodic or stochastic features with dimensions below the wavelength of visible light which can be used to produce a gradient index of refraction between air and the substrate. In this work, two silica nanoparticlebased motheye ARCs of similar optical performance, but different physical structures, were deposited on glass and characterized for mechanical behavior to provide insights into the mechanisms for abrasion resistance in these films. Optical and mechanical performances were evaluated in light of the mechanical properties and physical structure of the films using models for describing the mechanical behavior of the films. The results show that the three-layer coating was found to have better abrasion resistance than a simple single layer coating largely due to better crack nucleation resistance and scratch resistance. The simple single-layer film showed better crack propagation resistance than the three-layer film due to the existence of nanoparticles (NPs) throughout the cross section of the film. The three-layer film appears to have higher work of adhesion based on exhibiting better delamination and spallation resistance.
Introduction
Antireflective coatings generally reduce reflective losses by reducing the refractive index (RI) mismatch between air and the solid media. The spectral reflection of most materials in air is due to the large mismatch in RI, which can be offset by having a surface with a gradually changing RI. Bernhard et al. [1, 2] found that the antireflective nature of the cornea in night-flying moths was due to a field of interconnected domes about 200 nm high with about 300 nm center to center spacing. It was hypothesized that this structure, with dimensions below the wavelength of visible light, provided a gradient RI from the air into the cornea, eliminating spectral reflection [1] . These "motheye" gradient structures perform better across a wider spectrum of wavelengths than quarterwavelength films [3] . RI gradients have been demonstrated using periodic surface structures [4, 5] as well as with stochastic surface structures [6] with the use of etching [7] and stochastic subsurface structures such as with the use of porosity [8, 9] .
While the optical properties of gradient films are excellent at > 99.6% transmission in lab settings [10, 11] , often there are other demands from field application of the coatings, such as environmental degradation and mechanical damage. The mechanical robustness of optical coatings is important for resisting scratches and abrasion in many applications ranging from lenses to smart phones. Although gradient films are easier to manufacture because of the widely used sol-gel approach [1, 12] , the nature of gradient films based on porosity makes them vulnerable to poor mechanical performance. Porous air-glass gradient films are essentially a composite of air and glass making them susceptible to mechanical damage [13] .
Several authors have reported on the scratch or abrasion resistance of nanoparticle-based ARCs produced using sol-gel processes [14] [15] [16] . However, these reports provide little insight into the relationship between the structure, properties, and processing of the films and the impact of each on mechanical performance. In this paper, we formulate two different ARCs, both consisting of a Si-based inorganic polymer matrix and a distribution of pores and embedded NPs, to investigate the impact of film structure on the mechanical behavior of the ARCs. The objective of this paper is to evaluate the abrasion resistance of these two films produced under different processing conditions and investigate the mechanical behavior of films with both good and poor abrasion resistance as a means to better understand the factors affecting the abrasion resistance of gradient ARCs.
Experimental Methods
The definition and metric for abrasion resistance are given in Table 1 along with definitions and metrics for several other mechanical behaviors underlying abrasion resistance in thin films [17] [18] [19] [20] . The primary metric used to assess abrasion resistance was the percent residual antireflection remaining after abrasion testing, a change in a measured property of the film, which is equal to the antireflection (D%R) after abrasion divided by the initial antireflection (D%R) before abrasion. An ultraviolet visual spectroscopy spectrophotometer (JASCO V-670) equipped with an integrating sphere was used to measure the mean spectral (between wavelengths of 400-900 nm) reflectance (%R) of the base uncoated glass samples and the coated glass samples both before and after abrasion. In all the cases, antireflection (D%R) was calculated by subtracting the %R of the coated substrate from the %R of the base uncoated substrate.
Abrasion testing was evaluated using the test apparatus shown in Fig. 1 , which is a modified version of the EN1096-2 coated glass testing standard. A 400 g load with a high density felt (1.7 g/cm 2 ) was used as the abrading medium with no circular motion on the boom. The stroke rate was set to 50 cycles per minute. Samples were measured for change in reflectance before and after abrasion testing. Three samples were tested per processing condition for this test, however, due to the nature of the test, each sample could be only tested once.
Two films were produced for evaluation. One film consisted of a single layer (1L) based on the recipe developed by Henning and Svensson [21] and Haereid et al. [22] using tetramethylorthosilicate (TMOS) as a principal reactant to synthesize a very fine silica NP dispersion in suspension termed TMOS-b gel. The second film consisted of three layers (3L) in which the middle layer used the same procedure as above with the top and bottom layers consisting of a TMOS suspension synthesized in HCl, an acidic medium (TMOS-a). The rationale for using the TMOS-a gel as a bottom layer was to reduce the severity in structural transition from the nanoparticle-based TMOS-b coating to the substrate, thereby reducing interfacial stresses that could affect the mechanical performance of the coating. The top layer in the 3L film was also made of TMOS-a as it is known to provide a harder, more dense coating having less porosity. The TMOS-a layer also does not contain any NPs. The thickness of the top and bottom layers was estimated to be around 10-15 nm. A schematic of the film structures is shown in Fig. 2 . The as-synthesized NP suspensions were diluted to 50 vol. % and used to coat the smooth side of textured glass substrates containing 69-74% SiO 2 , 10-16%Na 2 O, 5-14% CaO, 0-6% MgO, and 0-3% Al 2 O 3 (AGC Solite TM , Kingsport, TN) [23] . A spin coating technique followed by Han et al. [24] was used to deposit the wet films followed by heat treatment to synthesize a final NP microstructure similar to that observed elsewhere [25] . Through preliminary experimentation (stage 1 DOE), it was found that the coating spin speed and heat treatment time and temperature were all important affecting optical and mechanical performance of both films. Recipes were developed for two nearly equivalent optical films (one 1L and one 3L) to explore differences in mechanical performance. The mean and standard deviation for the optical performance of the two consequent films was 3.27 6 0.24% (1L) and 3.11 6 0.18% (3L). These conditions were achieved at a spin speed of 1500 rpm for 1L and 1800 rpm for 3L and an annealing time and temperature of 1 h at 580 C for both films. Based on these results, a stage 2 factorial design was developed to understand the interdependence of annealing time (10, 30 , and 60 min) and temperature (580, 595, and 610 C) on the abrasion resistance of the films. Upon finishing abrasion resistance studies, 1L and 3L films which possessed good, poor, and moderate abrasion resistance were selected for further analysis (Table 2) to help explain abrasion resistance results. Cross-sectional and surface morphologies of the films were characterized by scanning electron microscopy (SEM; FEI Quanta 600 FEG, Hillsboro, OR) operating at 20 kV and transmission electron microscopy (TEM) (FEI TITAN Chemi-STEM, Corvallis, OR) operating at 200 kV. Cross sections of size 15 lm Â 6 lm Â 0.2 lm were prepared using focused ion beam (FIB) milling cross-sectioning techniques (FEI Quanta 3D Dual Beam SEM/FIB, Raleigh, NC). A TA Q600 differential scanning calorimetry/thermogravimetric analysis (DSC/TGA) with a Hiden HPR-20 mass spectrometer was used to study the annealing mechanism of the films. The maximum ramp rate for the unit was ten times slower at 50 C/min compared to the rapid thermal annealing unit typically used for annealing coated glass samples. For ease of sample preparation, silicon wafer was used as a substrate.
Finally, nanoindentation and scratch tests were used to measure important material and film properties needed for quantifying the fracture mechanics of the films using a well-developed set of energy-based and stress-based models from homogeneous thin film fracture mechanics. (A detailed description of these models has been provided in Appendix A.) Nanoindentation tests were performed using a CSM Instruments nanoindentation tester. A Berkovich diamond indenter with a max load of 300 lN at a loading rate of 600 lN/min was used. A CSM Instruments MicroScratch Tester (S/N 01-02526) with a 50 lm radius spheroconical indenter was used to perform scratch testing at a peak load of 700 mN over a track length of 1.4 mm at a loading rate of 500 mN/min.
3 Results and Discussion 3.1 Abrasion Resistance. After completing the experimental runs, the preliminary and residual antireflections of the two films were computed as a function of annealing time and temperature as shown in Fig. 3 . These plots use standard error bars.
Based on Fig. 3 , three conditions for each film structure were chosen for further structure-property analysis. As shown in Table 2 , the three conditions consisted of: (1) the best optical and mechanical performance; (2) the worst optical and mechanical performance; and (3) poor optical and good mechanical performance. The rationale for selecting these particular conditions was primarily to narrow down from the processing condition based DOE 1 and for testing representative samples that allow for better understanding of underlying mechanisms. Overall, it was noted that the best 3L condition (580 C at 30 min) had better residual antireflection (abrasion resistance) at $0.85 residual antireflection compared to $0.82 for the best 1L condition (580 C at 60 min) although based on the standard error, this may not be significant when compared to 595 C at 60 min although 580 C at 60 min has significantly higher initial antireflection. Also, the initial antireflection for these same films for 3L was 3.48% (6% higher), while the corresponding 1L had 3.27% which appears to be significant according to the plots [26] . For all the conditions, the 3L film had better abrasion resistance. The abrasion resistance of the 1L film was found to improve with time.
An analysis of variance and a nonlinear regression were performed on this data showing that the mean antireflection of both films significantly decreases with time and an interaction between time and temperature. Temperature was found to reduce the mean antireflection of the 3L film. R-squared values for abrasion resistance were found to be 59.7% and 65.9% suggesting that additional factors exist (Appendix B) Table 3 . Interestingly, temperature seems to have little impact on the abrasion resistance of the films and may actually decrease mechanical performance at higher temperature.
It is expected that the trend of improved abrasion resistance with time is consistent with higher cross-linking and denser structures. This is corroborated by the drop in optical performance with time suggesting the loss of nanostructure with densification. As shown in Table 2 and in all the analyses below, the high optical-high mechanical condition is represented in green, the moderate-low/low-low condition in red, and the low-high condition in yellow (see online figure for color). 3.2 Film Structure. To better explain abrasion results, the structure of the six films was examined by SEM and TEM. SEM images were taken of the top surface of the films. TEM images were taken of film cross sections prepared using the dual beam FIB. Figures 4 and 5 depict the high-magnification images collected.
In 1L films made at 595 C for 10 min, large tripod-shaped cracks can be seen, which appear to follow a bimodal distribution. This is likely due to residual stress which builds up within the film due to densification of the film. To further study the annealing mechanism, a typical annealing cycle was carried out at 580 C for 1 h using the DSC/TGA unit. Based on the differential scanning calorimetry and mass spectrometry data shown in Fig. 6 
C. This also corresponds to the mass spec curve wherein the evolution of water over time was tracked during the entire annealing cycle of the sample. Absorbed water on the sample is removed by simple dehydration and peaks around the same temperature. A chemical transition appears to be happening as temperature is increased from 250 C to the annealing temperature of 580 C shown by the exothermic spike. It is hypothesized that this is a reaction step before the Si-O-H bonds are terminated. Subsequent hold at 580 C shows that water is still coming out Journal of Micro-and Nano-Manufacturing SEPTEMBER 2016, Vol. 4 / 031005-5 until 30 min during annealing, and water evolution is near constant beyond 30 min. Since this occurs at temperatures well above dehydration, it is hypothesized that these water molecules are derived from the condensation reaction resulting from termination of Si-O-H bonds to form Si-O bonds. The corresponding plateau in the DSC curve suggests constant heat intake to maintain 580 C temperature in the sample. There is continuous weight reduction in the TGA curve suggesting constant out gassing from the sample.
Going forward, the absence of cracks at 610 C for the 1L films suggests that longer annealing times in combination with higher temperatures may result in stress relief or, alternatively, the "healing" of cracks via sintering. The high-magnification image at 610 C for 60 min shows signs of nanocracks that may have healed. Softening of the film at higher temperatures could cause the film to flow under viscous creep bringing the film back together which would have sintered more rapidly at the higher temperature. Clustering from particle coarsening is seen at longer annealing times which may account for poorer optical performance but better residual antireflection (better mechanical properties) with annealing time.
For 3L films produced at 595 C for 10 min, cracks have been replaced by pores averaging less than 100 nm, which are uniformly distributed across the surface. This suggests that the top layer is playing a role in mitigating cracking behavior within the film. It is apparent that the presence of observable cracks (1L) and widely distributed pores (3L) can reduce the hardness of the films and lower mechanical properties at shorter annealing times. At the same time, these features may enhance the optical performance and gradiency of the films with cracks and pores being subwavelength.
The TEM cross-sectional images reveal other structural details as shown in Fig. 5 . In the TEM cross section, several layers are observed. The darkest layer is the top surface of the sample consisting of a PVD chromium layer deposited for the purpose of protecting the sample during FIB milling. The carbon layer is added as a contrast differentiation between the actual sample surface and the chromium layer.
In Fig. 5 (top) , the black dots seen within the highmagnification image of the TMOS-b layer cross section produced at 580 C for 60 min are NPs. This figure appears to show a NP size gradient which is larger near the film-substrate interface. This suggests that the particles nearer the substrate surface have reacted more than those further away from the surface possibly due to either concentration or temperature gradients during processing. This 1L film performed the best mechanically and comparable to the other 1L films optically.
As annealing temperature increases, the NPs appear to cluster. The NP clusters seen at 595 C for 10 min appear to be nearly uniform in size and distribution. The sintering effect is apparent at the highest annealing temperature and time (610 C for 60 min) showing lack of distinct features. At this annealing condition, the coating behavior approaches that of bulk glass which explains the better mechanical performance but lower optical performance at longer annealing times. It is interesting to note that the 580 C film with the gradiency of NPs had better antireflection than the 610 C film at an annealing time of 60 min. In Fig. 5 (bottom) , the three layers of TMOS-based coating are identifiable at higher magnification. The white patches that are visible are Si-based polymer matrix. The 3L films appear to have a denser distribution of subwavelength features than found at the 595 C condition in the 1L film primarily arising from higher NP clustering. Table 2 above were subjected to nanoindentation and single point microscratch tests to study the 3.3.1 Nanoindentation Test. The nanoindentation tests provided the indentation hardness and elastic modulus of the films as shown in Fig. 7 . These data were used in fracture mechanics models, described in Appendix A, to drive the discussion surrounding Figs. 8-10 in Secs. 3.3.1 and 3.3.2.
Thin Film Fracture Mechanics. The six sample conditions identified in
For both 1L and 3L, the high optical-high mechanical films (solid green) were found to have better hardness to the moderate-low/ low-low films (hatched red). The low optical-high mechanical films (dotted yellow) had hardnesses comparable to the green films (see online figure for color). While the hardness does not explain the mechanical behavior of the films alone, the 3L films tended to be harder and perform better mechanically than the 1L films (exception is at 610 C, where the residual antireflection performance of 1L and 3L films was comparable). This may suggest that 3L had better suppression of crack nucleation which is consistent with the micrographs (Fig. 5 ) of the 3L film at 595 C. The uniformly distributed NPs as observed in the cross section create a tortuous path for cracks and due to the hardness of the individual NPs themselves, there is a higher inhibition to crack nucleation. The coating thickness measured from the cross-sectional TEM images was overlaid as a line plot onto the hardness values. Within the limited data set, the 1L film shows a negative correlation between thickness and hardness. This is not apparent in the 3L film possibly arising from the complexity of the film structure.
In Fig. 8 (left), crack nucleation results appear to follow abrasion resistance results. The best 3L film (green) has 30% higher critical load for cracking (P) defined as a measure of crack nucleation resistance compared to the best 1L film (green). It is expected that 3L has a higher critical load for cracking largely due to higher hardness. This is consistent with the larger nanostructure found in the TMOS-b layer for the 3L film. It is interesting that, in general, the fracture toughness of 3L is less than 1L suggesting that the critical load for cracking as an indicator of crack nucleation may be a more important factor in determining the abrasion resistance of the films. The fracture toughness of the best 1L film (580 C-60 min) is about 16% higher than that of the best 3L film (580 C-30 min) on average which appears to be significant. The reduced fracture toughness in 3L may be due to the observed porosity in 3L compared with the NPs being the major phase observed in 1L. It is also possible that 3L has a lower fracture toughness compared to 1L due to the amorphous TMOS-a layer on top which provides lower resistance to crack propagation than the continuous layer filled with crystalline NPs. The amorphous TMOS-a layer appears to be detrimental to crack propagation resistance due to lack of ordered structure.
Scratch
Test. Scratch tests can provide insight into crack propagation as well as delamination resistance at the film-substrate interface. Figure 9 (top) shows the critical load for cracking which was measured during the scratch test, while Fig. 9 (bottom) shows the work of adhesion derived from the models using data from the nanoindentation and scratch tests. The critical load for cracking provides insight into crack nucleation and follows similar trends as shown for the critical load for cracking in nanoindentation with the 3 L films having generally higher crack nucleation resistance.
Work of adhesion is basically the work done in separating two materials from each other and hence in this case is a function depicting the film-substrate interaction. The work of adhesion is a function of the friction coefficient which was determined by the scratch test. From Fig. 9 (bottom) , it is again apparent that the films with the worst abrasion resistance also have lower work of adhesion suggesting poor delamination resistance. It is to be highlighted that the high mechanical performance coating made at 610 C for 30 min did not fail under the testing conditions maintained for the other samples. The friction coefficient for this coating condition was also the lowest at 0.03, while the rest had above 0.08. The values calculated for W a were found to be comparable to that reported by others for similar coatings [27, 28] .
In Fig. 10, insight 
C across both films, the energy release rate is very similar, while at 595 C the 3L film shows more than 2 Â higher G than 1L film. The fact that 610 C 3L film did not show failure under the same testing condition shows that it has a much higher energy release rate than other films. It would require higher testing loads to determine the true G value for this film. It is expected that the acid gel allows for better structural transition from the substrate to the film, thus improving the adhesion in contrast to the sharp change in material composition and structure in the 1L film.
The results show that the best optical and mechanical properties of 3L were obtained at the lowest temperature and a moderate annealing time. The best 3L film had better optical performance than the best 1L film (0.2% increase) with comparable residual antireflection. We believe this is largely due to the ability to improve mechanical properties at lower annealing times which avoided excessive sintering of the nanostructure. The ability to achieve this with 3L is primarily attributed to the elimination of cracking during annealing due to the existence of a harder top coat that was better able to suppress crack nucleation. In general, 3L provided better crack nucleation resistance and scratch resistance and, to a lesser degree, better delamination resistance and spallation resistance. The use of a top film to increase the crack nucleation resistance of the film provides one means to decouple the general trend of reducing optical performance and increasing residual antireflection with increasing annealing time. Further, observations from the electron micrographs suggest that the bottom film in 3L provided a smoother structural and density gradient at the interface with the glass substrate, improving the delamination and spallation resistance of the film.
Conclusions
Overall, the results show that while the two films studied in this paper had similar optical performance, the three-layer coating was found to have better abrasion resistance than the single-layer coating. Analyses of the film structure, calorimetric, and gravimetric behavior during annealing and thin film fracture mechanics have provided insights for interpreting these results. The presence of defects such as pores and cracks in the coatings caused during annealing reduced the mechanical performance of the coatings. Moderate annealing temperatures led to cracks and pores caused by residual stresses due to densification as well as the evolution of gases. With higher annealing temperatures, cracks appear to heal themselves in the single-layer film. The results show that improved abrasion resistance in the three-layer coating was due, in part, to the superior crack nucleation resistance provided by the use of a harder top layer, despite the better crack propagation resistance of the single-layer film provided by the NPs spread throughout the microstructure of the film. Further, some evidence exists that improved abrasion resistance in the three-layer structure was associated with interfacial properties like work of adhesion and energy release rate.
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The computed value of c can be plugged into Eq. (A2) above to compute the fracture toughness of the coating. Thus, P and K IC together describe the crack resistance of the films considering both crack nucleation and crack propagation.
A.2 Scratch and Delamination Resistance
Scratch tests involve applying a normal load and a tangential load across a sample surface using a stylus [34] [35] [36] . The load is applied progressively until the point of gross failure of the coated sample [35] . Appearance of cracks is marked by a lower critical load (L C1 ), and delamination occurs at L C2 . The lower critical load (L C1 ; in Newton) is a measure of resistance to scratching or crack propagation, while L C2 (in Newton) can be used to compute the work of adhesion between the film and the substrate. The work of adhesion is a metric for delamination resistance and preferred over experimentally measured L c2 as W a considers other parameters like elastic modulus, friction coefficient, and film thickness and is hence a comprehensive function. The critical load for delamination, L C2 , is calculated in general using the model derived by Bull et al. [34] 
where A is the cross-sectional area of the scratch, E is the elastic modulus of the film, t is the Poisson's ratio of the film, t is the thickness of the film, l c is the coefficient friction, and W a is the work of adhesion between the film and the substrate. The above equation suggests that delamination resistance increases with a decrease in l c and t and an increase in E and W a . The above expression was modified by Attar and Johannesson [36] since the tangential force causing coating removal does not act on the total scratch track cross-sectional area but only on the cross section of the coating. The modified expression is given by 
A.3 Spallation Resistance
Spallation is the severest failure mechanism and signifies termination of the cracks as they reach the film-substrate interface causing material removal [37] . During buckling failure of the film, delamination may occur resulting in an energy release rate (in Joules/meter 2 ) during crack growth given by
where a is the crack radius, DU is the energy difference, t is the Poisson's ratio, a is a constant, t is the film thickness, r c is the critical stress, r 0 is the compressive yield stress, and E is the elastic modulus. The energy release rate during crack growth is the energy rate input into the coating needed for the cracks to reach the interface leading to spallation of the coating off the substrate. The higher this rate, the better the resistance of the film to spallation. In the above expression, the critical stress (in Pascal) is given by Hutchinson's equation [38] 
Based on the work of adhesion given by Rickerby [39] and Laugier [40] , the stress for delamination (in Pascal) is calculated using
Assuming that spallation occurs when the compressive yield stress in the film equals the stress for delamination, the above two parameters can be inserted into Eq. (A8) to compute the spallation resistance of the film (Table 3) . 
